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The mechanism of drag reduction by using superhydrophobic surfaces whose contact
angle is greater than 150° is still an open problem that needs to be investigated. The
main purpose of this paper is to reveal how the pressure drop can be decreased.
The lattice-Boltzmann method (LBM) is employed to investigate fluid flows through
channels with different wettability conditions and topographical surfaces. The drag
reduction by superhydrophobic surfaces is determined based on numerical experiments.
For the smooth-surface flow, a very thin gas film is observed between the fluid and
the superhydrophobic wall; hence, the liquid/solid interface is replaced by the gas/liquid
interface. For the rough-surface flow, liquid sweeps over the grooves and the contact
area is reduced; therefore, the friction is decreased rapidly. Additionally, the effects
of surface wettability and surface roughness are analyzed as well. It is found that
introducing roughness elements has a positive effect for reducing the pressure drop for
the hydrophobic-surface flow, but has a negative effect for the hydrophilic-surface flow.
© 2010 Elsevier Ltd. All rights reserved.
1. Introduction
Pressure drop reduction has been extensively studied and, as a result, it is clear that surface characteristics play an
essential role in this reduction. Examples in nature and engineering show that the pressure drop can be reduced by using
superhydrophobic surfaces [1,2]. Compared with normal-surface flow, the pressure drop of flow with superhydrophobic
surfaces can be cut down by 20%–30%. It is well known that a surface’s hydrophobic characteristics are mainly determined
by the interfacial free energy. The superhydrophobic surface is usually designed with low surface free-energy materials.
However, a chemical surface modification can only make a water contact angle as large as 120°. To reach a contact angle as
large as 180°, a secondary strategy has to be taken into account: surfacemisconstruction. An archetypical superhydrophobic
surface is a lotus leaf [3,4]. When rain falls on lotus leaves with a contact angle of more than 160°, the droplets bead and
roll off the leaves. It is micrometer-scale protuberances, decorated with nanometer-sized hair or flake-like fine structures,
in conjunction with a hydrophobic epicuticular wax layer on the leaf surface that make this multiscale topographic surface
exhibit perfect hydrophobicity, as shown in Fig. 1.
Many artificial superhydrophobic surfaces have been manufactured and a plethora of experimental investigations have
been conducted to explore their drag reduction abilities. For example, the surfaces fabricated by Wang [5], Choi [6] and Ou
et al. [7] reduce pressure loss by 14%, 19%, and 40%, respectively.Meanwhile, numerical studies of superhydrophobic surfaces
have also been conducted. Lauga and Stone [8] analyzed the slip velocity in channels by the methods of computational fluid
dynamics (CFD). Davies et al. [9] applied FLUENT software to study the influence of roughness on pressure drop. However,
these researchers did not consider the effect of surface wettability. Zhang and Kwok [10] studied the movement behavior
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Fig. 1. Lotus leaf’s superhydrophobicity and its multiscale topographic surface.
of liquid columns in microchannels by the mean-field free-energy lattice-Boltzmann method. They employed two kinds
of surface topographies with a contact angle of 127.8°, but the movement of liquid columns cannot adequately reflect the
liquid flow. Despite the number of previous studies, little attention has been paid to the study of flowperformance, especially
pertaining to the exploration of mechanisms. Therefore, this paper will focus on revealing the mechanism of drag reduction
by performing numerical experiments using the lattice-Boltzmann method, a mesoscopic approach which is advantageous
when both the microscopic statistics and a macroscopic description of the flow are important.
In this paper, the lattice-Boltzmann method is employed to investigate fluid flows through channels with different
wettability and topographical surfaces. In Section 2, the LBMmodel for multiphase flowwill be briefly reviewed. This model
must be validated by accurately representing the Laplace law and obtaining the connections between the surfacewettability
and the fluid/solid interaction parameter. In Section 3, the state of unsteady channel flow with smooth and rough surfaces
will be presented to qualitatively reveal the mechanism of drag reduction. In Section 4, the frictional resistance coefficient
will be analyzed quantitatively to explicate the use of superhydrophobic surfaces to reduce pressure drop. Before this, both
the advanced contact angle and the flow length associated with strong pressure drops will be investigated as well. Finally,
conclusions will be drawn in Section 5.
2. The lattice-Boltzmann method
2.1. Multiphase fluid (MP) lattice-Boltzmann model
There are several models available for modeling multiphase fluid flow. These include the chromodynamics model [11],
the Shan–Chenmodel [12,13] (also known as the pseudo-potential), the free-energymodel [14,15], alongwith several other
models [16–18]. In the present study, the Shan–Chen model is chosen because of its abilities to handle fluids of different
densities, to separate the interface automatically, and to implement the different wettability conditions easily.
The idea of the LB approach originated from the kinetic theory of gases. The discrete velocity Boltzmann equation model
is written in the following form:
fi(x+ eiδt , t + δt) = fi(x, t)− 1
τ
[fi(x, t)− f (eq)i (x, t)] (1)
where fi(x, t) is the particle distribution function at position x at time t , and τ is the relaxation time, determined by the
kinematic viscosity of the fluid by ν = δt(τ − 1/2)/3. The particle velocity is ei, where the subscript i denotes the ith
velocity vector. For the D2Q9 model, the velocity ei is given as ei = (0, 0) for i = 0 (the rest particle); ei = c(cos θi, sin θi)
with θi = (i − 1)π/2 for i = 1, 2, 3, 4 (the particles streaming to non-diagonal nodes); and ei =
√
2c(cos θi, sin θi) with
θi = (i− 5)π/2+ π/4 for i = 5, 6, 7, 8 (the particles streaming to diagonal nodes). Here, c = δx/δx is the lattice speed; for
the purpose of simplification, c is set as unity under the assumption that the lattice spacing δx and the time step δt are unity
as well. The schematic diagram of the discrete velocity set is illustrated in Fig. 2.
The corresponding equilibrium particle distribution function, f (eq)i (x, t), is expressed as:
f (eq)i = wiρ

1+ ei · u
(eq)
c2s
+ ei · u
(eq)2
2c4s
− u
(eq) · u(eq)
2c2s

(2)
where the weights wi are 4/9 for i = 0, 1/9 for i = 1, 2, 3, 4, and 1/36 for i = 5, 6, 7, 8 and cs = c/
√
3 is defined as the
lattice speed of sound.
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Fig. 2. Lattice geometry and velocity vectors of the D2Q9 model.
At each lattice, all the forces will be incorporated into Eq. (2) by shifting the equilibrium velocity u(eq),
u(eq)(x, t) = u(x, t)+ τF(x, t)/ρ(x, t) (3)
where F(x, t) = Fσ (x, t) + Ft(x, t) is the total force acting on the fluid, including the fluid/fluid interaction Fσ (x) and the
fluid/solid interaction Ft(x). The flow investigated in the present work is on a horizontal surface; as a result, the effect of
gravity is not taken into account.
The fluid/fluid interaction Fσ (x) can be expressed in the following form:
Fσ (x) = −Ψ (x)
−
x′
G(x, x′)Ψ (x′)(x′ − x) (4)
where Green’s function G(x, x′) is a constant, given as G(x, x′) = G for ei = c , G(x, x′) = G/4 for ei =
√
2c , and
G(x, x′) = 0 for other cases. The value of G controls the strength of the interacting force between different fluids. By varying
G, different surface tensions between fluids can be obtained. Ψ is the interaction potential; according to Shan and Chen’s
research [19], it must be monotonically increased and bounded. A scheme (Ψ (ρ) = ρ0[1− exp(−ρ/ρ0)]) which has been
used extensively [19–22] is employed in this model.
Similarly, interaction Ft(x) between the fluid and the solid surface, which is determined by the presence of a solid in the
nearest and the next nearest neighbour that surround a fluid node, has the form:
Ft(x) = −GtΨ (x)
−
i
s(x+ ei)(x′ − x) (5)
where s is an indicator function of a solid phase, where s = 1 for a fluid phase and s = 0 for a solid phase. By adjusting Gt ,
surface wetting characteristics can be controlled.
Physical quantities of fluid flow, such as density ρ and velocity u, can be obtained through moment summations in the
velocity space:
ρ(x, t) =
8−
i=0
fi(x, t) (6)
u(x, t) =
8−
i=0
fi(x, t)ei/ρ(x, t). (7)
As shown in [23], with the above definition of the interaction potential, the equation of state for D2Q9 lattice-Boltzmann
model can be written as:
P = ρ
3
+ G
6
Ψ 2(ρ) (8)
where the first term on the right-hand side is the kinetic contribution and the second term is a contribution due to the
inter-particle interaction. As long as the interaction potential is chosen properly, any equation of state can be established.
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Fig. 3. Relationship between 1/R and1pwith different G.
Fig. 4. Evaluation of the contact angle with different |Gt |.
2.2. Parameters for two-phase flow
2.2.1. Surface tension and fluid/fluid interaction parameter G
The surface tension can be estimated simply by simulating a series of droplets of various sizes, and measuring their
radii and inside/outside pressures (1p = pin − pout ). The plot slope of 1/R vs. 1p will be the surface tension according to
Laplace’s law, which gives the relationship between the final radii of droplet and the pressure difference as 1p = σ/R. In
this simulation, circular droplets with different radii are generated under different values of G. The relationship between
1p and 1/R is presented in Fig. 3. It can be found that Laplace’s law is well represented by the lattice-Boltzmann method
for all values of G employed in the present simulations. This indicates that the present code can be used to simulate the
physical problem of this paper. The surface tension coefficient was found to increase with the increase of |G|; this result will
be adopted in the following studies.
2.2.2. Surface wettability and fluid/solid interaction parameter Gt
In order to obtain the relationship between the surface wettability and the fluid/solid interaction parameter (Gt ), certain
pre-simulations must be conducted. A circular liquid droplet is placed upon the bottom surface. The periodic boundary
condition is adopted for both the left- and right-hand sides and the bounce-back boundary condition is employed for both
the top and bottom to reproduce no-slip boundary conditions. Several values of |Gt | within the range 0–0.5 are chosen to
represent the different wettabilities. Due to the fluid/solid interaction, evolution of the droplets will take place and their
steady states will clearly not be the same. The droplets spread on the surface with different contact angles. The floating
phenomenon is observed when |Gt | = 0.02; in that case, the contact angle can be considered as 180°. The simulation data
shows that the static contact angle is a linear function of the fluid/solid interaction parameter |Gt |, where it decreases with
the increase of |Gt |, as shown in Fig. 4. Some useful information can be gained from this result. In the case of |Gt | < 0.16,
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0.16 < |Gt | < 0.32, and |Gt | > 0.32, the contact angle will be higher than 150°, less than 150° butmore than 90°, and lower
than 90°, respectively. These surfaces are denominated as superhydrophobic, hydrophobic and hydrophilic, respectively.
Moreover, the influence of fluid/fluid interactions can be neglected, which indicates the relationship between contact angle
and |Gt | is effective for any cases with different G.
3. Numerical simulations
3.1. Channel flow with smooth surfaces
In order to analyze the effect of wettability on flow characteristics, a channel flow with smooth surfaces is simulated in
this section. Liquid flows into the domain from the inlet boundary at a speed of uin, displacing the gas which initially filled
the whole domain; the density ratio of liquid to gas is 10. A uniform 600 × 30 D2Q9 lattice is applied to the channel. The
left- and right-hand boundaries of the domain are set as the velocity-inlet condition (u = uin, v = 0) and the outer-flow
condition (∂u/∂x = ∂v/∂y = 0), respectively, while the top and bottom boundaries are treated as the solid surface with
the bounce-back boundary conditions due to the fluid/solid interaction. In this work, Re = 100, G = 0.6 and τ = 0.85
are used for all simulations. Eight values of |Gt | within the range 0–0.4 are chosen in this investigation: the values of 0.4
and 0.35 stand for the hydrophilic surface, values of 0.3, 0.25, 0.2 and 0.15 for the hydrophobic surface, and the value of
0.1 for the superhydrophobic surface respectively. Additionally, the ideal hydrophobic surface with a contact angle of 180°
(|Gt | = 0.02) is also simulated, although it is an ideal condition which cannot be found in nature or be manufactured at
present.
The interface distributions for the channel flow with smooth surfaces at the 2000th step are provided in Fig. 5. Only the
flow states in the latter half of domain are presented, as a result of the following two factors. First, the flow in the former half
of the domain is influenced by the entrance effect, since the entrance length is usually about 10 times larger than the channel
size. Second, the displayed figurewill not be explicit if thewhole flow is given, since the channel length is too large compared
with the channel width. In Fig. 5, the red colour represents the liquid and the blue colour symbolizes the gas-filled channels
in their initial state. It can be found that the smaller the value of |Gt | is, the longer the distance of liquid flow becomes. This
may be explained by noting that the attractive force of the fluid/solid interaction is small, owing to low surface energy for
the hydrophobic surface. This force may be easily destroyed by the fluid shear stresses. And the slip velocity forms at the
fluid/solid interface, along the mainstream direction. This leads to an increase in the speed of the flow, as shown in Fig. 6.
This is consistent with the previous research [7,24,25].
Moreover, when |Gt | is equal to 0.4, liquid adheres to the solid wall, while the converse is true for situations when
|Gt | = 0.02. In the latter case, liquid will not stick to the surface; instead, a very thin gas film is formed between the
fluid and the solid surface, as shown in Fig. 7. Since a surface whose contact angle is close to 180° cannot be found in nature
or be manufactured at present, its hydrophobic mechanism is still in a theoretical state. The present research provides a
demonstration for the previously hypothetical models.
3.2. Channel flow with rough surfaces
The rectangle roughness elements, distributed at uniform intervals, are used to form the rough surfaces on both sides of
the channel. The structure scheme is displayed in Fig. 8 andw, s and h are considered to be constants; that is,w = s = 5 and
h = 10. The number of lattice points is 600×70. The roughness elements’ borders are treated as a solid surfacewith bounce-
back boundary conditions, which take into consideration the fluid/solid interaction. The other boundaries and parameters
are handled by the same approaches used for channel flow cases with smooth surfaces.
The interface distributions, for channel flow with rough surfaces, at the 2000th step are given in Fig. 9. The red and blue
colours represent the solid roughness elements and the gas-filled channels in the initial state, respectively, and the green
colour denotes the flowing liquid. It is obvious that the flow distance of the liquid increases with the decline of |Gt |. This
phenomenon is the same as the flow with smooth surfaces, in accord with the explanation presented above.
Furthermore, for the hydrophilic surface (|Gt | = 0.4), liquid sinks into the grooves and fills the area between the
roughness elements, as shown in Fig. 9(a). If the hydrophobic property of the surface is to be improved, the depth to which
liquid penetrates into the grooves among roughness bumps decreases and the amount of liquidwhich flows into the grooves
is also reduced, as shown in Fig. 9(b)–(d). Öner and McCarthy [26] observed the flow performance for many bio-mimetic
surfaces and proposed a theoretical model for rough superhydrophobic surfaces. They held the view that gas, not liquid, was
trapped inside the grooves. Later, Extrand [27] studied the behavior of droplets on roughhydrophobic surfaces and suggested
that better superhydrophobic characteristics might be obtained with the help of periodic roughness configurations, if two
requirements can be met: first, the contact line density must exceed the critical one and, second, the height of roughness
elements (h) must exceed the depth of droplets trapped in the grooves (d), as shown in Fig. 10. The present studies agree
well with this previous research well and explain this profound mechanism in a simple way.
In addition, for the ideal superhydrophobic surface (|Gt | = 0.02), liquid sweeps over these roughness bumps without
making any contact with the solid surface, as shown in Fig. 9(e). Gas is squeezed into these cavities. And the drag force at the
top side of the cave, due to the liquid flow in themain region, causes the vorticose movement. A portion of the streamline of
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Fig. 5. Interface distributions for channel flowwith smooth surfaces at the 2000th step. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
channel flowwith rough surfaces when |Gt | = 0.02 is shown in Fig. 11. The straight line in the central region of the channel
indicates the flow of liquid. The vortexes denote the movement of a small amount of gas, whose directions at the upper side
of the grooves are the same as that of the liquid in the mainstream.
4. Quantitative results and analyses
4.1. Advanced contact angle
When the flow of the liquid exceeds the entrance length, the advanced contact angle of flow will reach a nearly steady
state. The advanced contact angles for channel flow with smooth and rough surfaces are shown in Fig. 12. Both of these
angles increase as |Gt | decreases. This trend coincides with the simulation in Section 2.2.2. The contact angle on the real
surface is greater than the corresponding angle on the smooth surface.
For an ideal surface, which is absolutely smooth, the relationship between contact angle and surface tension can be
described by the famous Young’s equation [28], as expressed in Eq. (9).
cos(θ) = (σsv − σsl)/σlv (9)
where σsv , σsl and σlv are the surface tension between the solid and vapor phases, between the solid and liquid phases, and
between the liquid and vapor phases, respectively.
For a real or non-ideal surface, which is not absolutely smooth, Wenzel [29] modified Young’s equation by introducing a
correction factor with the consideration of the surface roughness, as follows:
cos(θ ′) = γ (σsv − σsl)/σlv = γ cos(θ) (10)
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Fig. 7. The theoretical model for an ideal superhydrophobic surface.
where θ ′ and θ are the contact angles for the real and ideal surfaces, respectively; γ is the Wenzel correction factor and is
equal to the ratio of the real or actual contact area to the apparent contact area on the perfectly smooth surface under the
same conditions. This factor is always greater than unity. So, θ ′ < θ and θ ′ > θ are true in the cases of 0° < θ < 90°
and 90° < θ < 180°, respectively. However, this equation fails to describe the phenomenon that the contact angle on the
real hydrophilic surface can always be greater than the corresponding angle on a perfectly smooth surface. Later, Cassie and
Baxter [30] studied many kinds of hydrophobic surfaces found in nature and developed the following equation for the real
surface contact angle:
cos(θ ′) = f cos(θ)+ f − 1 (11)
where f is the ratio of the contact area of a droplet with micro-bumps to the total contact area. Since f is always smaller
than unity, the contact angle of the real surface is therefore always greater than that of the ideal surface under the same
conditions. The present simulation indicates that the Wenzel equation can be used to describe the advanced contact angle
of flow with rough hydrophobic surfaces, but show that it does not fit the flow with hydrophilic surfaces, while Cassie and
Baxter’s versatile model is appropriate for flow with both hydrophilic and hydrophobic surfaces.
In addition, the advanced contact angles for smooth and rough surfaces are nearly equivalent if |Gt | is equal to 0.02. This
indicates that, for the superhydrophobic surfaces whose contact angle is close to 180°, the flowing state is unrelated to the
surface structure, but depends on the surface chemical characteristics, which can be observed from Figs. 5 (e) and 9(e).
4.2. Flow length
In order to analyze the effects of wettability and roughness of the surface on the flow performance, the flow length at
the same time (the 2000th step) is measured, as shown in Fig. 13. Based on these results, the flow length becomes larger
with a decrease of |Gt |. This occurs because the interaction between the liquid and the solid surface is less and the slip
velocity at interface (described in Section 3.1) is larger if the hydrophobic characteristics are increased. Thus, the flow can
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Fig. 8. The structure scheme of channel with uniform-distributed rectangle roughness elements.
be accelerated and the pressure drop can be diminished, which will be introduced in detail subsequently. Moreover, the
covered flow length on the rough surface is smaller than the covered flow length on the smooth surface, at the same |Gt |.
That is to say, the existence of roughness elements slows down the flow. This slowing can be attributed to the loss of kinetic
energy. The liquid flowing into the grooves is kept in an immobile state and part of the energy is dissipated. The flow of the
mainstream is, therefore, slowed down gradually. An exception is that, in the case of |Gt | = 0.02, the flow length on the
rough surface gets closer to the flow length on the smooth surface. This trend is similar to that of the advanced contact angle
and the explanation will not be repeated here.
4.3. Frictional resistance coefficient
The frictional resistance coefficient is employed to measure the pressure drop. The smaller the coefficient is, the lesser
the pressure loss is. It can be obtained from the following expression:
f = 21pd/(|u|2ρl) (12)
where d is the channel size, l is the flow distance of liquid in x direction, |u| is the average magnitude of velocity, ρ is the
density of liquid, and 1p is the pressure drop between inlet and outlet sections. In this work, l and d are equal to 600 and
30, respectively.
The frictional resistance coefficient of channel flowwith smooth and rough surfaces is illustrated in Fig. 14. The frictional
resistance coefficient for the hydrophobic surface ismuch less than that for the hydrophilic surface. This is also a result of the
small adhesion force, due to the lower surface energy. For the smooth-surface flow, a very thin gas film is formed between
the fluid and the superhydrophobic wall and the liquid/solid interface is replaced by the gas/liquid interface. For the rough-
surface flow, liquid sweeps over the grooves and the contact area is reduced. Consequently, the friction is decreased rapidly.
Therefore, this is a valid verification that the pressure drop can be reduced by improving the hydrophobic characteristics of
the surface.
Further, for the hydrophobic surface (|Gt | < 0.32), the friction resistance coefficient of flow over the rough surface is less
than that over the smooth surface, while for the hydrophilic surface (|Gt | > 0.32), the reverse condition can be found. This
implies that the pressure drop can be reduced for the hydrophobic-surface flow, but will be enhanced for the hydrophilic-
surface flow when roughness elements are used. The most likely explanation for this result is that the roughness elements
increase the contact area for the hydrophilic surface, but decrease the contact area for the hydrophobic surface. The details
can be found in Section 3.2.
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Fig. 9. Interface distributions for channel flow with rough surfaces at the 2000th step. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
5. Conclusion
In this paper, a LBM model has been applied to simulate channel flow with different surfaces. The mechanism of drag
reduction by using superhydrophobic surfaces is studied and the effects of surface wettability and roughness on flow
performance are analyzed. The pressure drop can be reduced rather significantly, provided that a surfacewith amore perfect
hydrophobic capability can be developed. Some conclusions can be drawn as follows:
(1) For the smooth surface, liquid adheres to the hydrophilic wall, while a very thin gas film is observed between the fluid
and the superhydrophobic wall. A slip velocity at the interface is formed to promote flow and the liquid/solid interface is
replaced by the gas/liquid interface to reduce the pressure drop.
(2) For the rough surface, liquid is entrapped by the caves of the hydrophilic wall while it sweeps over the grooves of the
superhydrophobic wall. As a result, while the contact area between the fluid and the solid surface is expanded for the former
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Fig. 11. Streamlines of channel flow with rough surfaces when |Gt | = 0.02.
Fig. 12. The advanced contact angle of flow channel with smooth and rough surfaces.
case, it is reduced for the latter case of the rough surface. Therefore, introducing the roughness elements has a positive effect
for reducing pressure drop for the hydrophobic-surface flow, but has a negative impact for the hydrophilic-surface flow.
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Fig. 13. The flow length of channel flow with smooth and rough surfaces.
Fig. 14. The frictional resistance coefficient of channel flow with smooth and rough surfaces.
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